INTRODUCTION
============

MicroRNAs (miRNAs) are small RNA molecules, which are ∼22 nt sequences that have an important role in the translational regulation and degradation of mRNA by the base\'s pairing to the 3′-untranslated regions (3′-UTR) of the mRNAs. The miRNAs are derived from the precursor transcripts of ∼70--120 nt sequences, which fold to form as stem--loop structures, which are thought to be highly conserved in the evolution of genomes. Previous analyses have suggested that ∼1% of all human genes are miRNA genes, which regulate the production of protein for 10% or more of all human coding genes ([@b1]).

Ambros *et al*. developed a uniform system for the identification and annotation of new microRNA in a range of organisms ([@b2]). The miRBase ([@b3]) supports the sequence and annotation of the published miRNA genes. Washietl *et al*. developed a fast and reliable method for identifying the non-coding RNA structures using comparative sequence analysis ([@b4]), which can be incorporated into the proposed resource to identify the conserved miRNA precursors in the four mammalian genomes. TargetScan ([@b5]), miRanda ([@b1]) and RNAhybrid ([@b6]) are three previously developed tools for determining the energetically most favorable hybridization sites of a small RNA to a large RNA. PicTar ([@b7]) is a computational method for identifying common targets of known miRNAs. Lu *et al*. developed an miRNA microarray to measure the expression profiles of all known miRNA in various normal tissues and tumors ([@b8]).

The investigation of the roles of miRNAs in various research fields depends on having plentiful miRNAs and information about them. This work develops an integrated database, miRNAMap, of miRNA genes, miRNA targets and the relationships between the miRNAs and the miRNA targets. The known miRNA genes in four mammals---humans, mice, rats and dogs---are obtained from miRBase ([@b3]). Experimentally validated miRNA targets are identified by surveying the literature. The putative miRNA precursors conserved in the four mammalian genomes are identified using RNAz ([@b4]), which is a tool for predicting non-coding structural RNAs based on comparative sequence analysis. A machine learning method was developed to locate accurately the positions of the mature miRNAs to determine the mature miRNAs that were located at the putative miRNA precursors. miRanda ([@b1]) was applied to identify energetically the most probable miRNA targets of the miRNAs against the conserved regions in 3′-UTR of the genes in the four genomes, and thereby predict the target genes of the known miRNAs and the putative miRNAs. Finally, the relationships between the miRNAs and the coding genes are elucidated based on the miRNA targets. The miRNAMap also yields the expression profiles of known miRNAs, cross-species comparisons, gene annotations and cross-links to other biological databases. Both textual and web interface are provided to facilitate the retrieval of data curated in the miRNAMap.

The main contribution of this work is the computational establishment of mapping between the miRNA genes and the miRNA target genes, and the provision of effective annotations, including miRNA expression, cross-species comparisons and the annotations of the miRNA target genes. A comparative sequence analysis yields a series of the putative miRNA precursors and the mature miRNA conserved in human, mouse, rat and dog genomes. Additionally, a variety of search functions and a graphical interface are designed and implemented to help researchers to investigate the microRNA roles in cell regulations.

DATABASE STATISTICS
===================

The miRNAMap presently stores 2176 miRNAs in four mammalian genomes---human, mouse, rat and dog---as presented in [Table 1](#tbl1){ref-type="table"}. The number of experimentally validated (known) miRNA genes in humans, mice, rats and dogs obtained from the miRBase (Release 6.0) ([@b3]) are 131, 196, 117 and 6, respectively. The number of putative miRNA genes in humans, mice and rats from the miRBase are 117, 54 and 86, respectively. The number of putative miRNA genes in humans, mice, rats and dogs identified in this database are 464, 395, 274 and 336, respectively. By sequence comparison between the putative miRNAs in the proposed resource and known miRNAs from miRBase ([@b3]), the amounts of putative miRNAs identical to known miRNAs in human, mouse, rat and dog genomes are 122, 97, 44, and 1, respectively.

The minimum free energy (MFE) of the miRNA--target duplex was determined while predicting the miRNA target sites. The lower MFE values of the miRNAs and the target sites reveal the energetically more probable hybridizations between the miRNAs and the target genes. [Table 2](#tbl2){ref-type="table"} presents statistics concerning the miRanda predicted known human miRNA targets, which are extracted from literature (Table S3). For instance, 27 known miRNA targets can be identified when the miRanda MFE threshold and miRanda score threshold are set to −12 kcal/mol and 120, respectively. However, these parameters are likely to grossly overpredict the number of miRNA targets per gene. Alternatively, the proposed database allows users to consider a set of parameters that is more stringent and gives less likely false positives. All the predictive miRNA/targets are determined and stored in the proposed miRNAMap if the MFE of miRNA/targets is \<−12 kcal/mol and the miRanda ([@b1]) score of miRNA/targets exceeds 120. For instance, when the MFE threshold is set to −20 kcal/mol and the miRanda score threshold is set to 120, the average number of target genes of each miRNA in humans, mice, rats and dogs are 1419, 1390, 293 and 760, respectively (Table S4). The average number of distinct miRNAs that target each gene in humans, mice, rats and dogs are 131, 116, 80 and 15, respectively. Similarly, when the miRanda ([@b1]) score threshold is set to 160 and the miRanda MFE threshold is set to −12 kcal/mol, the average number of the target genes for each miRNA in human, mouse, rat and dog genomes are 183, 175, 40 and 273, respectively. The average number of the distinct miRNAs targeting each gene in human, mouse, rat and dog genomes are 16, 14, 10 and 6, respectively. Additionally, all of the miRNA genes were observed with reference to the annotations of the genes in the four genomes: e.g. ∼52, 40 and 8% of the human miRNA genes were present in the intergenic, intronic and exonic regions, respectively ([Table 3](#tbl3){ref-type="table"}). In summary, of all the miRNAs in the proposed database, ∼62, 34 and 4% were present in the intergenic, intronic and exonic regions, respectively.

DATA GENERATION
===============

[Figure 1](#fig1){ref-type="fig"} presents a flow chart of the generation of data of the miRNAMap database. It comprises the following three main steps: (i) integration of the known miRNA precursors and the miRNA targets; (ii) identification of the miRNA precursors and the mature miRNAs and (iii) prediction of the miRNA targets. Each step is described in detail later.

Integration of known miRNA precursors and miRNA targets
-------------------------------------------------------

The experimentally validated miRNA genes in the four mammalian genomes---human, mouse, rat and dog---are obtained from the miRBase (release 6.0) ([@b3]). [Table 1](#tbl1){ref-type="table"} indicates that 707 miRNAs were extracted from the miRBase. Only 29 experimentally validated miRNA targets, including the miRNAs and their target genes, are taken from the literature (Table S3).

Prediction of miRNA precursors and mature miRNAs
------------------------------------------------

The known miRNA genes were obtained from miRBase ([@b3]), and putative miRNA precursors were identified by RNAz ([@b4]), along with the four genomes. RNAz is a computational tool for predicting non-coding RNA structures based on comparative sequence analysis. All of the annotated coding exons were removed from the conserved regions obtained from the UCSC Genome Browser ([@b9]). A total of 438 788 alignments of the non-coding regions that are conserved in the four mammals---human, mouse, rat and dog---were retained. This number represents 82.64 MBase or 2.88% of the human genome. Then, RNAz was used to detect the non-coding RNA structures against the sequences of the conserved regions above. The following constraints were imposed to filter the non-coding RNA structures of the putative miRNA precursors; (i) the height of the stem of the non-coding RNA structure exceeds 20 nt; (ii) the RNAz *z*-score of the structure is less than −3.5. Hence, 2681, 2231, 1751 and 2233 putative miRNA precursors were present in human, mouse, rat and dog, respectively.

After the putative miRNA precursors had been identified, the mature miRNA of the putative miRNA genes were identified. Therefore, a machine learning method was proposed to determine computationally the mature miRNA in the miRNA precursors. Figure S3 presents the proposed algorithm (Supplementary Data). The detail of the process undergone by the mature miRNA detector is described in the Supplementary Data. In humans, mice, rats and dogs, 464, 395, 274 and 336 putative miRNAs, respectively, are found to contain the putative mature miRNAs. A comparison of sequences of the miRNA precursors demonstrates that 153 of the putative human miRNA precursors are found to be highly homologous to the known miRNA obtained from the miRBase ([@b3]).

Prediction of miRNA targets
---------------------------

miRanda ([@b1]) was incorporated into the proposed miRNAMap to identify the miRNA targets, which were the most probable miRNA targets of the miRNAs against the conserved regions in 3′-UTR of the genes of the four genomes and thus predict the target genes of the known miRNAs and the putative miRNAs. The conserved regions in 3′-UTR of the genes are derived from the UCSC conserved regions, which are at least 200 bp long and have sequence identities \>60% ([@b9]); each transcript is effectively annotated in the Ensembl database ([@b10]). From human, mouse, rat and dog genomes, 8360, 6923, 1857 and 19 707 3′-UTR conserved regions are extracted, respectively. Reference is made to the literature that records the known miRNA targets (Table S3).

The predictive parameters including miRanda MFE and miRanda score are adjusted for the miRNA target prediction by comparing the predictive results with known miRNA/targets data. It resulted that 27 known miRNA/targets among 29 known miRNA/targets were successfully identified (Table S3). The MFE threshold of the miRNA and target duplex was specified as −12 kcal/mol and the miRanda score was specified as 120. Therefore, the miRNA targets whose MFEs are \<−12 kcal/mol and the score exceeds 120 are identified and compiled in the miRNAMap database.

The relationships between the miRNAs and the target genes are determined with reference to the genomic locations and the annotations of the coding genes. The miRNAMap also yields expression profiles of the known miRNAs, cross-species comparisons, gene annotations and various cross-links to other biological databases. The annotations of the coding genes were obtained from the Ensembl database ([@b10]), Gene Ontology ([@b11]) and HGNC gene grouping/family data ([@b12]). The conserved regions among the four selected genomes in the database are obtained from the UCSC Genome Browser ([@b9]). The reader should refer to Table S1 in the Supplementary Data for the integrated databases.

The expression profiles of the miRNAs are helpful in elucidating the regulatory roles of the miRNAs. Lu *et al*. constructed the miRNA microarray to elucidate the gene expression profiles in various normal tissue and tumors ([@b8]). The gene expression data for known miRNAs were integrated into the miRNAMap to determine the tissue-specificity of the known miRNAs.

INTERFACE
=========

Various query interfaces and graphical visualization pages were implemented to facilitate access to data and further analyses to support research on miRNA. The miRNAMap provides two modes for browsing the miRNA information---the miRNA genes browser and the miRNA target browser. As presented in [Figure 2](#fig2){ref-type="fig"}, the chromosomal view facilitates the browsing of the miRNA genes. The miRNA gene page shows the sequence, mature miRNA, genomic location, relevant citations from the literature, gene annotations, tissue-specificity and conserved sequences obtained from the UCSC Genome Browser ([@b9]). In particular, the diagram revealing the stem--loop RNA structure of the miRNA precursor, which is folded using RNAfold ([@b13]), is generated graphically by mfold ([@b14]).

Figure S1 (Supplementary Data) presents a graphical visualization tool that is used to present the miRNAs that can target a gene transcript. All the miRNA target sites are also provided in text format: the text states the genomic locations of the target sites, the MFE of the miRNAs, the sequences of the target sites and the alignment of the hybridization structures. Users can change the MFE threshold and score threshold to filter the miRNA targets of interest.

The miRNAMap provides various search criteria for accessing the data, including keyword, accession of the miRNAs, chromosomal locations and names of miRNA target genes. In particular, searching the database by submitting a group of genes helps users elucidate the roles of miRNAs in various gene groupings and to explicate the cooperative or combinatorial control of gene expression by a group of miRNAs ([@b15]). Users can also submit gene groups or families using HGNC annotations ([@b12]). The tutorial documentation on the miRNAMap website describes in detail the usage of miRNAMap web interfaces.

CONCLUSIONS
===========

An integrated database for miRNAs, miRNAMap, was established to compile the known miRNAs, the putative miRNAs, the miRNA targets and the regulatory relationships between the miRNAs and the coding genes in humans, mice, rats and dogs. The authors hope that this database can provide sufficient information to support any miRNAs-related works. For example, miRNAs might contribute to cancer, miRNA-mediated tumorigenesis results from either down-regulation of tumor suppressor genes or up-regulation of oncogenes ([@b16]). Moreover, human miRNA genes are frequently located at fragile sites and genomic regions that are involved in cancer ([@b17]). The miRNAMap developed herein can support research in this area by combining the data obtained by comparative genomic hybridization (CGH) experiments, which provide information of the gain and loss chromosomal regions in tumor genomes. A user who is interested in particular extraordinary chromosomes can use miRNAMap to obtain miRNA information by querying the cytobands. Integrated analyses of the CGH data, the expression profiles of the coding genes and the miRNAMap data demonstrate that the miRNA genes and the miRNA targets potentially participate in the regulation of cancer cells and can be systematically identified for further experimental verification.

The database will be developed as follows. (i) It will be made to support miRNA annotations including miRNA genes and miRNA targets for other species and (ii) the miRNAMap data will be further analysed to support the miRNAs involved in the combinatorial control of the gene expression of the coding genes.

AVAILABILITY
============

The miRNAMap database will be continuously maintained and updated. The database is now freely available at <http://miRNAMap.mbc.nctu.edu.tw>.

SUPPLEMENTARY DATA
==================

Supplementary Data are available at NAR Online.
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======================
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![Generation of data of the miRNAMap resource.](gkj135f1){#fig1}

![Interface of the miRNA genes in miRNAMap.](gkj135f2){#fig2}

###### 

Statistics concerning the miRNA genes in the miRNAMap

                                  Human   Mouse   Rat   Dog   Total                         
  ------------------------------- ------- ------- ----- ----- ------- ----- --- ----- ----- ------
  miRBase (release 6.0) ([@b3])   131     117     196   54    117     86    6   0     450   257
  Putative miRNA genes                    464           395           274       336         1469
  Subtotal                        131     581     196   449   117     360   6   336   450   1726

The amounts of the overlapping miRNAs between the putative miRNAs and miRBase known miRNAs in human, mouse, rat and dog are 122, 97, 44 and 1, respectively.

###### 

Statistics concerning the known human miRNAs targets detected by miRanda considering different parameters

  miRanda MFE (kcal/mol)   miRanda score            
  ------------------------ --------------- ---- --- ---
  ≤−12                     27              23   9   3
  ≤−15                     21              18   9   3
  ≤−20                     17              15   9   3
  ≤−25                     3               3    3   3

###### 

miRNA genes categorized by genomic location

  Genomic locations   Human        Mouse        Rat          Dog          Total
  ------------------- ------------ ------------ ------------ ------------ ------------
  Intergenic          396 (52%)    405 (62%)    359 (76%)    225 (64%)    1385 (62%)
  Intronic            308 (40%)    235 (36%)    112 (24%)    107 (31%)    762 (34%)
  Exonic              58 (8%)      12 (2%)      0 (0%)       18 (5%)      88 (4%)
  Subtotal            762 (100%)   652 (100%)   471 (100%)   350 (100%)   2235 100%)

[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors
